Much scientific effort has been spent attempting to catalog, describe, observe, and understand protein structure and function. Even when the structure of a protein is known, this knowledge is often not sufficient to elucidate details of the protein's function or its mode of action, both of which are pieces of information that are frequently of much greater importance to biologists than structure. As biologists increasingly seek to understand and modify aspects of cellular behavior and as protein databases gather more high-resolution 3D structures, the ability to understand key features of a protein's dynamic behavior become more important.
Flexibility is critical in determining protein behavior and function. Because proteins are not static entities (as they are represented in structural databases) and because crystal structures do not necessarily represent a protein in its active conformation, any attempt to determine potential biochemical interactions of a protein from these data suffers from a lack of information about its motion. A quantitative description of a protein's flexibility provides a summary of its dominant dynamical modes and significant information about potential conformations available to it. Flexibility may also provide insight into unfolding and folding pathways because a protein is most likely to start unfolding, and to finish folding, at a site that is highly mobile. Thus, flexibility may affect not only function but also unfolding and stability.
Molecular dynamics (MD) is a common method for determining protein motion over time. MD provides the researcher with snapshots of a protein's conformation at regular time intervals. These data, when saved at frequent enough intervals, behave as a stop-motion photography film and can be analyzed by mathematical and statistical techniques to further explore protein motion.
The Dynameomics project (Beck et al. 2008 ) is a large-scale effort to simulate a protein from every protein fold family (Day and Daggett 2003) . The Dynameomics database Simms et al. 2008) currently contains approximately 450 proteins, each of which has been simulated for at least 21 ns at a temperature of 298 K. Additionally, it contains at least two unfolding simulations of each protein at 498 K for 31 ns and at least three short (2 ns) simulations at 498 K. These simulated target proteins form a data set that spans a considerable portion of the protein universe, representing more than 75% of all known protein folds.
Here we focus on the analysis of general features of protein flexibility of the native-state proteins in the Dynameomics project, resulting in a database of protein flexibilities. For 3 of these highly populated folds, we compared 36 family members to determine if flexibility is conserved across a fold family. Then we compare native-state flexibility with unfolding behavior to explore the relationship between flexibility and the mechanism of early unfolding. Finally, we searched our database of flexibilities for unstructured regions whose flexibility was uncharacteristically low, and we use these findings to demonstrate how flexibility may be useful for determining intrinsic properties of structure that are difficult to elucidate with other techniques.
Results
Here, we focus on the use of principal components of atomic trajectories to analyze the main chain C α flexibility of proteins in MD simulations using a technique formally described by Teodoro et al. (Teodoro et al. 2003) . This technique provides the magnitude and primary axis of an atom's movements. We performed the analysis on all targets in our Dynameomics project for which we had completed at least 21 ns of simulation at 298 K and for which all of our standard analyses had been run, a total of 253 proteins when this project began.
General Properties of Flexibility
The data collected in the analysis of the 253 solvated protein MD simulations yielded several broad statistics concerning flexibility (Table 1) . The distribution of flexibilities of all simulations can be seen in Figure 1a . Approximately 85% of the first principal components covered more than half of the variance of a given atom's trajectory. The distribution of the portion of variance covered by the first principal component is shown in Figure 1b . If atoms with very low flexibilities (< 0.5 Å) are excluded, 91% of the first principal components cover more than half of the variance. If only those atoms with higher than average flexibility are examined, this percentage climbs to 98%, and among the upper outliers (flexibility > 1.7 Å) the flexibility covers a mean of 76 ± 10% of the variance. The distribution of the flexibility of all atoms can be seen in Figure 1c . Less than a third of the variance in all atoms is covered by the final two principal components together. The ellipsoid formed by the standard deviations along each principal component for an atom represents that atom's probable occupancy. The mean anisotropy of these ellipsoids, defined as the ratio of the shortest to the longest semi-axes of the ellipsoid, for C α atoms in our simulation was 0.48, excluding upper outliers. This indicates that the atoms in our dataset have distributions about their mean positions that are marginally less spherical than the experimentally-derived dataset from 68 proteins examined by Kondrashov et al. (Kondrashov et al. 2007 ), whose mean anisotropy was 0.51.
The average correlation of a protein's flexibility to the mean C α root-mean-square fluctuation (RMSF) about the average was 0.74. The correlation between the average C α rootmean-square deviation (RMSD) and the average flexibility was 0.75. The average correlation between C α , C γ , and C ζ flexibility and mean solvent-accessible surface area (SASA) by residue was 0.25, 0.33, and 0.47, respectively. The Spearman correlation between flexibility and hydrophobicity (Black and Mould 1991) by amino acid type was 0.58; if Pro is excluded, this correlation rises to 0.65.
Properties of Secondary Structure Flexibility
In general, both β-strands and α-helices have flexibility vectors that are more parallel to their principal axes (i.e. stretching/compressing the structure) at their termini than in the middle.
Histograms of the absolute values of the dot products of the flexibility vectors with the principal components of the secondary structure units, representing the degree of alignment of the vectors to the principal axes (1 indicating parallel vectors and 0 indicating perpendicular vectors), are shown in Figure 2 . In the case of α-helices with at least two turns, the principal axis (the first principal component of the C α atoms) of the helix is approximately parallel to the axis of the helix while the secondary and tertiary axes point outward toward the loops. In the case of β-strands, the principal axis of the strand lies along the backbone of the strand. A summary of the flexibilities of C α atoms by residue and secondary structure can be found in Table 2 .
Fold Family Flexibility
We examined 12 proteins from each of three fold families: one all α-helical---the three-helix bundle fold (3HB); one all β-sheet---the SH3 fold family; and one with both an α-helix and β-sheet---the ubiquitin fold family (UBX) ( Table 3) .
The three-helix bundle fold (3HB) contains members that are among the fastest folding and unfolding proteins. Each protein contains relatively rigid α-helices and flexible loop regions.
The mean C α flexibility for the α-helices and loops is 0.76 ± 0.31 Å and 1.43 ± 0.83 Å, respectively. Residues of the α-helices flex perpendicular to the axis of the helix (Fig. 3a) in all cases except two helices of 1e17. The residues flexing highly parallel in 1e17 are E13, L14, I15, Q17, A18, and I19 in the first helix (Fig. 3b) and L29, A30, Q31, I32, Y33, E34, and R38 in the second (Fig. 3c ). Other helices in the 3HB family tend to contain Glu, Lys, Val, and Phe residues but fewer Leu and Ile residues. Table 4 The UBX fold contains both β-sheets and an α-helix; all of the UBX members studied have the helix docked against the β-sheet except for 1kot, which additionally contains several external helices. The mean flexibility of the β-strands is 0.53 ± 0.27 Å, and 0.53 ± 0.24 Å for α-helices. In each of the UBX proteins, the residues of the helix and strands exposed to each other flex more readily along the axis between them. Table 4 Overall, the correlation in flexibility between family members is highest when the sequence identity is high. The correlation between sequence identity and per-residue flexibility correlation is 0.76. The 3HB family members studied here have the lowest average sequence identity (Table 4 ). In addition to the comparisons provided, correlations were calculated between every possible pair of simulated proteins in a given family. The correlations tended to be high with a small number of outlying low values. Of the 198 intra-family protein pairs, only 11 had correlations below 0.1; excluding these, the average correlation between the flexibility magnitudes of two proteins in the same family was 0.62. Of the 11 pairs with low correlation, all belonged to either the 3HB or UBQ family, and their average sequence identity was 9% ± 6%.
Native-State Flexibility and Early Unfolding Events
The native-state flexibility of the engrailed homeodomain (1enh), of the 3HB family, was compared to early events in its thermal unfolding pathway (Fig. 4a) . The protein can be broken down into segments in order of decreasing flexibility: its N-terminus (1.48 Å); (H3C) the Cterminal end of H3; (L1) the flexible residue Y25 between H1 and H2; H3; (L2) the joint between H2 and H3; H2; and H1 (0.31 Å). The first significant unfolding event (within the first 0.1 ns) is the undocking of H3 in conjunction with the lifting of the flexible N-terminal tail (regions N and L2). This is followed by unwinding of the flexible C-terminus (H3C). These events begin very early, around 0.3 ns, with a stretching of the helix toward the C-terminus, and they are complete by 3.5 ns, before the other two helices have begun to unwind significantly.
Another early unfolding event is the movement of H1 from a position parallel to H2 to a skew position at approximately a right angle. The helices pivot around Y25 between 0.7 ns and 2.4 ns.
The N-terminal end of H3 begins to unwind around 1.6 ns (H3 and L2) and is complete by 3.2 ns; the N-terminal end of H1 does not begin to unwind until 3.8 ns.
The native-state flexibility of the SH3 domain of alpha spectrin (1shg) was similarly compared to early events in its thermal unfolding (Fig. 4b ). This protein is very inflexible overall (0.5 Å) and, in order of decreasing main-chain flexibility, consists of I the C-terminus (0. (Fig. 4c) . By 0.6 ns of the simulation, the entire protein expands via the separation of S2 from S1 and the undocking of the helix from L4 via movement of L1 and L3. Although the C-terminus is highly flexible and moves considerably, it does not play a significant role in unfolding. Around 0.3 ns, L4 extends, eventually leading to the separation of S4 from S3 and S1 (between 0.5 and 0.7 ns).
Inflexible Loops
There are 21 loops or unstructured regions consisting of ≥6 residues in the ensemble of targets with an average C α flexibility of ≤ 0.5 Å and an additional 353 moderately flexible unstructured regions with an average of <1.0 Å. Seven of the highly inflexible loops are buried or partially buried in a protein, but 14 of them are exposed to solvent. Table 5 details these 21 regions; we highlight three of these regions below.
The Ribosomal Protein L14 (1whi) has a highly inflexible loop (mean flexibility is 0.47 Å) with sequence A11, D12, N13, S14, G15, A16, and R17 (Fig. 5a ). A domain from Bovine Mitochondrial F1-ATPase (1e1q, residues 24-93), of the α/β-subunits F1 ATPase/Thrombin family, has a highly inflexible region (0.37 Å) exposed to solvent with sequence L44, R45, N46, V47, Q48, A49, and E50 (Fig. 5b) . The ice-binding surface of type III antifreeze protein from ocean pout (1ops, residues 2-65), of the β-clips II family, has a highly inflexible region with a mean flexibility of 0.45 Å and with sequence V26, T27, N28, P29, I30, G31, and I32 (Fig. 5c ).
Discussion

General Properties of Flexibility
Large-scale MD flexibility analysis has never been applied for data mining on the scale of hundreds of proteins. By employing the basic technique of Teodoro et al. (Teodoro et al. 2003) with our database of MD simulations, we have collected considerable information regarding the general flexibility of proteins as well as uncovered both anomalies and patterns concerning protein dynamics.
The distribution of the variance captured by the first principal components of the C α trajectories and the correlation with the more conventional C α RMSF supports the validity of using the first principal component of the trajectory as a measurement of an atom's flexibility.
The most flexible C α atoms have first principal components that cover the greatest portion of their total variance, and very inflexible C α atoms have principal components that cover less of their variance. This observation suggests that the atoms for which flexibility analysis is most like RMSF are those that are least flexible. This observation additionally suggests that highly rigid atoms, such as those found in β-strands, undergo small fluctuations with less directed distributions about a mean position while very flexible atoms, such as those in loops, oscillate along predictable trajectories. The primary difference between flexibility and RMSF is encapsulated in these observations; while RMSF measures all fluctuations from a mean structure, flexibility analysis isolates the key features of the motion of an atom. In addition to giving a direction to the atom's motion, flexibility filters out an atom's less significant and noisy motions and gives a measure of the fluctuation of an atom along its most significant mode. The distribution of flexibility shows that very few atoms are highly rigid compared to the number that are slightly flexible (≥ 1 Å) and that a small number of atoms are very flexible (≥ 5 Å), which occurs primarily in tails and loops.
The correlation between average C α RMSD and flexibility shows that highly flexible proteins are very poorly captured by a small number of static structures and supports the notion that flexibility should be taken into account in docking and other structure analyses. The correlation between average C α RMSF and flexibility is expected because of the underlying similarity in what they measure. This correlation supports the fact that they are related without suggesting that they are the same. One might expect a high correlation to SASA, because surface residues would seem to be more mobile than buried residues. However, the correlations between SASA and flexibility are low because SASA is a very noisy measurement, although there is a higher correlation for side chain atoms.
The agreement of the anisotropy of atomic flexibilities to the anisotropy derived from crystallographic anisotropic displacement parameters, as examined by Kondrashov et al. (Kondrashov et al. 2007) , strongly supports the validity of this flexibility metric. The slight decrease in the anisotropy of our simulations (0.48 vs. 0.51) may be due either to differences in the sampling of the datasets (68 vs. 253 proteins) or to the dynamical differences between atoms in solution and in crystals.
Properties of Secondary Structure Flexibility
The flexibility of individual amino acids by secondary structure tends to be highly variable due to the large dataset and effects of averaging. A few exceptions to this emerge, however, notably the rigidity of His and Trp in β-strands or Ile in α-helices. These data suggest that the insertion of, for example, His into a β-strand or Ile into an α-helix would cause it to be more rigid.
Additionally, it is apparent that the flexibilities of hydrophilic and polar residues are slightly higher on average than those of hydrophobic and nonpolar residues (Table 2) , with a few exceptions. This trend can be easily explained by the tendency of nonpolar residues to cluster tightly with other nonpolar residues as opposed to polar and hydrophilic residues, which often interact with solvent. The correlation (R s = 0.65, excluding Pro) between hydrophobicity and flexibility additionally supports this explanation. The appearance of cystine (Cys) as the least flexible amino acid is not surprising because we separated reduced cysteine (Cyh) and oxidized cystine.
The dot products of the C α atoms with the principal axes of their secondary structure measure the angle that the motion of the atom makes with the secondary structure element. Both the principal axis of a secondary structure unit and the flexibility vector for any given C α atom are unit vectors; thus the dot product will always range from 0 (perpendicular vectors) to 1 (parallel vectors). The distributions of these dot products are noisy due to the relative rigidity of secondary structure combined with the previous observation that rigid atoms have less ordered distributions about a mean than highly flexible atoms, which tend to flex more strongly along a single axis. Nonetheless, slight trends are apparent. In both α-helices and β-strands, there is a slight tendency for the flexibility vectors of a secondary structure unit's C α atoms to be perpendicular to its primary axis and for its second principal component to be parallel to the flexibility vectors. In the case of α-helices, this trend indicates that the flexibility vectors point most strongly outward/inward, away from and toward the center of the helix. In the case of β-strands, this trend indicates that flexibility vectors point least strongly along the backbone of the strand and more strongly in the direction of the bends of the backbone (the direction of the second principal axis) than from side-to-side. The trend is more pronounced in α-helices than β-strands, which can be predicted by the higher flexibility of α-helices as well as the tendency of β-strands to curve and bend (thereby preventing the principal axis from being as consistent).
Additionally, in the case of α-helices, the trend is slightly more pronounced at the ends of helices than for the middle residues, showing that the ends of helices flex more readily outward from the central axis.
Trends in Fold Family Flexibility
The examination of the flexibilities of fold families begs the question of whether there are fundamental rules that tie sequence and local structure to flexibility. The average flexibilities of secondary structure within a fold family differ from the overall averages, suggesting that some trends between the flexibilities of members of various fold families exist. The secondary structure of the 3HB and SH3 fold families consist only of α-helices and only of β-sheets, respectively. In both 3HB and SH3, the flexibilities of their secondary structures are lower than expected from the overall averages. The lack of trends in the flexibility vectors in the SH3 fold family, which is rich in β-strands, agrees with the previous observation that β-strands are highly inflexible and therefore tend to have less directed fluctuations. These data, along with the observations concerning the trends in the directions of the flexibility vectors in the 3HB and UBX families and the high correlations between fold family members, suggest that there are motifs in the specific flexibilities of fold families, though these trends may be subtle.
Additionally, the correlation between a protein's sequence identity and the closeness of its flexibility to other family members suggests that sequence modulates the flexibility. For example, 1e17, whose helical flexibility vectors varied from the other members of the 3HB family, has helical sequences that are quite different from the other family members; features such as the lack of Lys and presence of Ile, a highly inflexible residue in α-helices, explain some of these differences.
Additionally, the high correlations of the magnitude of the flexibility between equivalent structural regions of family members suggest that families have characteristic flexibility patterns.
Notably, comparison of arbitrary α-helices to each other and arbitrary β-strands to each other produces very low correlations (mean correlation <0.2), so the relationship observed here is not dependent only on the makeup of secondary structure in each family. Not every member of a fold family adheres strictly to these flexibility patterns, however, as shown by the small number of pairs of proteins with low flexibility correlations. This is not surprising considering the structure and sequence diversity of the fold families examined and demonstrates that the local chemical environment of a residue and not just its local backbone configuration and chain topology determine its flexibility. Nonetheless, the high correlation between most pairs of fold family members indicates that the similarity between two proteins' flexibilities correlates with the similarity of their structures and sequences. Future work will extend this observation to examine in detail how the local chemical environment of a residue influences its flexibility.
Native-State Flexibility and Early Unfolding Events
The comparison to unfolding simulations shows a relationship between the flexibility of a residue at 298 K and the early steps in the thermal unfolding pathway in the proteins examined here. There is a nearly step-by-step correlation between high flexibility and the order of unfolding. These data suggest that native-state dynamics are closely related to unfolding and folding dynamics, in agreement with our findings in the first simulations of protein unfolding (Daggett and Levitt 1992) . Later, Hespenheide et al. (Hespenheide et al. 2002) explored the relationship between flexibility and unfolding pathways in simulations of 10 monomeric proteins and compared the results to hydrogen-deuterium exchange experiments (Li and Woodward 1999) . They found that the folding cores of proteins with the greatest structural stability against denaturation could be determined by flexibility. Here we extend this work to the level of hundreds of proteins, further tying flexibility to instability by showing that flexible C α sites are the most likely candidates for early unfolding.
Inflexible Loops
The sheer number of inflexible loops (21 with flexibility ≤ 0.5 Å and 353 with flexibility < 1.0 Å) is surprising and suggests that there may be a number of structured loops that are not recognized as secondary structure; although they are as rigid as conventional secondary structure. Because the inflexible secondary structure units that form a protein's backbone and core generally determine its structure, it is useful to consider the possibility of additional rigid structural units that may be important in the determination of structure. This hypothesis was examined before by Leszczynski and Rose in their study of Ω-loops (1986). While many of the loops examined here have occasional Ω character, partially due to the broad definition of Ω-loops, many of them do not share the motif of being tightly packed internally. The three cases examined here are each interesting for different reasons. The second loop in 1whi (Ribosomal Protein L14 family) contains a pair of hydrogen bonds between the side chains of Asp 12 and Ser 14. Notably, this loop is highly conserved among species and is responsible for mediating interactions between the neighboring loops in the β-barrel of this protein (Davies et al. 1996) .
The loop in 1e1q (α/β subunits of F1 ATPase family) sits at the interface between α and β subunits of ATPase (Abrahams et al. 1994 ) and contains a pair of hydrophobic residues (Leu 44 and Val 47) in close proximity, forming a small hydrophobic cluster. Such interactions indicate that sequence is an important predictor of flexibility. The loop in 1ops (Antifreeze Protein IIIlike family) does not contain hydrogen bonds or sites for potential hydrophobic interactions; though it is highly hydrophobic. The C-terminal end of the protein runs through it, however, which may lock it down. This loop provides rigid support for the ice-binding surface of this antifreeze protein (Yang et al. 1998 ).
Each of the 21 least flexible regions fit into one of five categories: (1) those that are sterically hindered, (2) those with internal hydrophobic contacts, (3) those with internal polar contacts, (4) those with partial secondary structure character, and (5) those with external contacts. Internal hydrophobic contacts between side chains appear to play a stabilizing role in many of these and such contacts represent the most commonly appearing motif. These loops specifically coincide with the Ω-loop motif. The regions with hydrophobic internal contacts often had backbones with characteristic and very high curvature such that close contacts could be made between side chains at the center. The distribution of amino acids in all of the inflexible loop regions, as well as in only the 21 least flexible regions, contained no significant deviations from the distribution of amino acids in all proteins; however, the distribution of amino acids in those regions with internal hydrophobic contacts was heavily skewed toward Leu and Pro and moderately skewed toward Val and Ile; Gly and Thr are the only other amino acids with a high frequency in this set. Pro appears near the point of highest curvature in several of these regions and may be important for forming this motif by introducing a kink in the segment. Future analysis will explore the extent to which these observations are examples of structural motifs that imply a predictable quality to flexibility based on sequence and structure and whether these potential motifs can further be tied to structural stability.
Conclusions
Protein flexibility is a useful means of extracting information from individual protein trajectories as well as related sets of trajectories. Protein flexibility bears a strong relationship to unfolding and can be used to predict early steps in unfolding. The ability of flexibility to elucidate regions of interesting structure has been demonstrated by the identification of inflexible loops that constitute new structural motifs. Finally, the correlation of flexibility with structure and the inherent flexibility differences between fold families are potentially very useful for understanding how different arrangements of structure can lead to different dynamics and function.
Methods
Simulations were performed with explicit water using our in-house developed simulation package in lucem molecular mechanics (Beck et al. 2000 (Beck et al. -2008 Beck and Daggett 2004 ) and our previously described protein and water force fields (Levitt et al. 1995; Levitt et al. 1997) .
Simulation details can be found elsewhere (Beck et al. 2008) . For each simulation, atomic coordinates from all but the first ns of our trajectories were downloaded from our in-house developed data warehouse into Mathematica (Wolfram Research 2005) for analysis. The first ns was omitted to allow for equilibration. For each ps of the simulation, the protein structure was aligned to the initial structure using a rigid least squares fitting of C α atoms with the structure's center of mass held at the origin (Kearsley 1989) . The coordinates of each non-hydrogen atom were centered by subtracting the atom's mean position. Principal component analysis (PCA) was performed on these centered coordinates via singular value decomposition of their correlation matrix. This procedure yields, for each atom, three principal component vectors, u 1 , u 2 , and u 3 , each of which encapsulates a variance s 1 , s 2 , and s 3 , respectively, the sum of which is the total variance of the atom's trajectory. These values were placed back into our database for further analysis. The first principal component, u 1 , which encapsulates the largest portion of the variance in the trajectory, was taken as the primary axis of flexibility while the standard deviation of the trajectory along that axis, b = s 1 , was taken as the primary measure of the flexibility in Angstroms (Å). The flexibility vector for a given atom was thus taken to be bu 1 , the vector in the direction of the first principal component whose length is the standard deviation of the movement along that axis. The total number of proteins/simulations analyzed was 253 (5.56 μs total) and the total number of atoms analyzed was 505,702 in 32,306 residues. These 253 targets include the 188 targets described in Table S1 of Beck et al. (Beck et al. 2008 ) as well as the 65 targets listed in Table 6 here.
Once this flexibility information was collected and placed in the data warehouse, various statistical analyses and visual inspections of the trajectories were performed. Flexibility was visualized in two ways. The first involved plotting the flexibility vector (bu 1 ) for each atom onto the mean structure of the simulation; the vectors were also plotted in reverse because the principal component represents a trend along an axis with the atom at the origin. The second method involved coloring the reference structure based on its calculated flexibility (b) along the sequence.
Analysis of Secondary Structure
Each secondary structure element was separated and categorized for analysis. Atoms were considered part of a secondary structure element if they existed in that element for at least 75% of the simulation according to the DSSP algorithm (Kabsch and Sander 1983) . Turns were determined according to the criteria outlined by Kuntz (Kuntz 1972) and labeled as such if the residue was not previously part of another secondary structure element and was in a turn conformation for at least 75% of the simulation. In the case of α-helices and β-sheets, the directions of the flexibility vectors were compared to the principal components of the C α atoms of their respective secondary structure units (i.e. the consecutive C α atoms belonging to a β-strand or α-helix).
Comparison of Fold Family Flexibility
Three fold families were examined to compare the flexibilities of family members: engrailed homeodomain three-helix bundles (3HB), Src homology 3 (SH3) domains, and ubiquitin-like folds (UBX). Twelve proteins from each family were analyzed, details of which can be found in Table 3 . Correlations of flexibility were calculated for each pair of proteins in a single family using equivalent residue ranges based on the DaliLite server's alignment of the mean structures (Holm and Park 2000) .
Comparison of Native-State Flexibility to Early Unfolding Events
Unfolding trajectories were simulated at 498 K for at least 31 ns (Day and Daggett 2005) . Three proteins were chosen (1enh, 1shg, and 1ubq), one from each fold family, each of whose nativestate flexibility vectors were compared to their unfolding pathways. Table S1 of Beck et al. (2008) . 
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